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A B S T R A C T
The development of economically feasible bio-based process requires eﬃcient cell factories capable of
producing the desired product at high titer under high-cell-density fermentation. Herein we present a
combinatorial approach based on systems metabolic engineering and metabolic evolution for the de-
velopment of eﬃcient biomass-producing strain. Systems metabolic engineering guided by ﬂux balance
analysis (FBA) was ﬁrst employed to rationally design mutant strains of Scheffersomyces stipitis with high
biomass yield. By experimentally implementing these mutations, the biomass yield was improved by 30%
in GPD1, 25% in TKL1, 30% in CIT1, and 44% in ZWF1 overexpressed mutants compared to wild-type. These
designed mutants were further ﬁne-tuned through metabolic evolution resulting in the maximal biomass
yield of 0.49 g-cdw/g-glucose, whichmatches well with predicted yield phenotype. The constructedmutants
are beneﬁcial for biotechnology applications dealing with high cell titer cultivations. This work demon-
strates a solid conﬁrmation of systems metabolic engineering in combination with metabolic evolution
approach for eﬃcient strain development, which could assist in rapid optimization of cell factory for an
economically viable and sustainable bio-based process.
© 2016 Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
1. Introduction
Achieving sustainable and economical bioprocess requires an
eﬃcient cell factory that is able to produce the desired bioproduct
at high titer. Such process is mostly accomplished through a high-
cell-density cultivation. Thus, high cell yield and high cell titer
during fermentation are the primary desired traits for organisms
used in the industrial process. Large-scale high cell density culti-
vation is, however, often limited by the supply of oxygen. Therefore,
our work aims at the design and development of cells with the
most eﬃcient biomass production under minimized oxygen re-
quirement. Previous attempts of optimizing cells to improve
their metabolic capacity have been accomplished through a non-
directed method of random mutagenesis followed by screening or
engineering of genes in the product synthesis pathway.1,2 However,
these modiﬁcation strategies may not result in an optimal cell
phenotype due to the concerted interplay among metabolic path-
ways within the cellular network. With increasing information of
genome sequence and metabolic pathways, predicting cell pheno-
type under environmental or genetic perturbations is now possible
using a metabolic network model, thereby accelerating the strain
development process for biotechnological applications.3–5 It is,
therefore, of particular interest to utilize the systems metabolic
engineering approach for the rational design of a biomass overpro-
ducing cell.
Scheffersomyces stipitis is a potentially valuable candidate for bio-
conversion of lignocellulosic residues to fuels and chemicals as it
is capable of utilizing various hexose and pentose sugars available
in the renewable feedstock.1,6 The organism also has well-established
genetic and metabolic pathway resources. Therefore, as a case dem-
onstration, we utilized systemsmetabolic engineering together with
metabolic evolution for optimizing biomass production in S. stipitis
with high biomass yield andminimized oxygen requirement. Among
the number of existing computation tools for the analysis of cell
metabolic network model, ﬂux balance analysis (FBA) has emerged
as a powerful tool for analyzing and optimizing cellular
metabolism.7–9 FBA relies on balanced reaction stoichiometry and
optimization strategy to identify the optimal ﬂux distribution. Eval-
uation of ﬂux distribution, which deﬁnes the cellular phenotype,
permits the rational design of a cell with its functionality limited
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to eﬃcient pathways. The FBA approach has been applied for im-
proving the production of target metabolites in Escherichia coli and
Saccharomyces cerevisiae such as ethanol, lactic acid, succinic acid,
lycopene and etc.10–13 Yet, no FBA approach has been utilized for the
rational design of eﬃcient strain in S. stipitis.
We have previously developed a metabolic network model of
S. stipitis during growth on glucose or xylose.14 In this work, the
model was analyzed by FBA to assess the phenotypic capabilities
of this yeast under genetic perturbation and to systematically iden-
tify the target of gene overexpression for an eﬃcient conversion of
glucose to biomass at high yield. The mutants designed according
to the model analysis were experimentally constructed and char-
acterized in comparison with the reference strain. Metabolic
evolution strategy was then implemented to ﬁne-tune the metab-
olism of the constructed mutants for further optimizing biomass
production. We reported here the growth performance of these
mutant strains, which may potentially be used as a platform host
for production of bio-based chemicals from renewable resources
under high-cell-density fermentation.
2. Materials and methods
2.1. Yeast strains and plasmids
Wild-type S. stipitis CBS6054 (ATCC58785) and its mutant de-
rivatives listed in Table 1 have been used in this study. E. coli DH5α
(Invitrogen, USA) was used for routine recombinant DNA experi-
ments. pTEF1:mZeo plasmid, kindly provided by Dr. Niran
Roongsawang (BIOTEC, Thailand), was used as a backbone for con-
struction of the gene-overexpression plasmids. The construction of
pTEF1:mZeo plasmid and its sequence have been described in
Puseenam et al.15 Brieﬂy, the pTEF1:mZeo plasmidwasmodiﬁed from
pGAPZαA plasmid (Invitrogen, CA) by replacing native zeocin re-
sistance gene with codon optimized Sh ble and replacing GAP
promoter with constitutive promoter of transcription elongation
factor 1 alpha (TEF1) from S. cerevisiae.
2.2. Construction of overexpressing plasmid
The overexpression plasmids were constructed based on the
pTEF1:mZeo plasmid. Four target genes for overexpression are GPD1
(Glycerol-3-phosphate dehydrogenase, GenBank ID number
4840320); ZWF1 (Glucose 6-phosphate dehydrogenase, GenBank ID
number 4840428); TKL1 (Transketolase, GenBank ID number
4837370); and CIT1 (Citrate synthase, GenBank ID number 4841140)
as summarized in Supplementary Table S1. Full length cDNAs of
target genes were ampliﬁed by RT-PCR using high ﬁdelity Taq
polymerase (Invitrogen, CA) and speciﬁed primer pairs which con-
tained appropriate restriction sites at the 5′-end of each primer to
facilitate subsequent cloning (Supplementary Table S2). Approxi-
mately 50 ng of the ﬁrst-strand cDNA was used as a template for
PCR. The reaction was carried out for 3 min at 94 °C, followed by
35 cycles of 94 °C for 35 s, primer-speciﬁc annealing temperature
for 40 s, 72 °C for 1.5–3 min and a ﬁnal extension of 72 °C for 5 min.
For GPD1 and TKT1 genes, fusion of TEF1 promoter with GPD1 or
TKL1 gene by overlap PCR extension technique was performed before
sub-cloning. The ampliﬁed products were digested and subse-
quently cloned into appropriated restriction sites of the pTEF1:mZeo
vector downstream of the TEF1 promoter to generate pTEFZ-CIT1,
pTEFZ-ZWF1, pTEFZ-GPD1 and pTEFZ-TKL1 plasmids (Table 1). These
recombinant plasmids were individually transformed to S. stipitis
for construction of the four mutant strains with overexpressed genes
GPD1, TKT1, CIT1 and ZWF1 based upon non-homologous end
joining.
2.3. Yeast transformation and screening of putative overexpressed
mutants
Yeast transformation was carried out by lithium acetate (LiAc)
and electroporation method.16 Putative transformants were se-
lected based on their growth on YPD medium supplemented with
100 μg/ml of zeocin. The presence of overexpressed genes in the
mutants was conﬁrmed by PCR. DNA fragment containing target gene
and partial AOX1 terminator were ampliﬁed using the sense and an-
tisense primers (Supplementary Table S2) corresponding to the 5′
region of target gene (start codon) and AOX1 terminator in plasmid,
respectively. The ampliﬁed fragment with expected size and the
absence of PCR product are anticipated in the mutants and wild-
type, respectively. The constructed mutants containing the
overexpressed gene were then tested for their biomass produc-
tion in comparison with the reference strain.
2.4. Growth medium
YPD (10 g/l yeast extract, 20 g/l peptone and 20 g/l glucose) media
and agar plate with zeocin supplement (100mg/l) was used during
strain construction. Deﬁned salt medium (YE) containing 0.1 M po-
tassium phosphate buffer at pH 6.0 (100ml), 1 g/l yeast extract, 5 g/l
(NH4)2SO4, 0.1 g/l CaCl2, 0.1 g/l NaCl, 0.5 g/l MgSO4, 1 g/l KH2PO4 and
20 g/l glucose was used as a culture media for cell growth studies.
Glucose and potassium phosphate buffer solutions were prepared
separately, sterilized by autoclave and added to the media prior to
use. The solution that contained other components was mixed to-
gether and sterilized by autoclave.
Table 1
Strains and plasmids used in this study.
Strains/plasmids Genotypes Source
CBS6054 Wild-type ATCC58785
SJU01 CBS6054 expressing pTEF1:mZeo plasmid containing zeocinR This study
SJU02 CBS6054 with GPD1 overexpression This study
SJU03 CBS6054 with TKL1 overexpression This study
SJU04 CBS6054 with CIT1 overexpression This study
SJU05 CBS6054 with ZWF1 overexpression This study
SJU02E SJU02 subjected to metabolic evolution through serial dilution experiment for 30 rounds This study
SJU03E SJU03 subjected to metabolic evolution through serial dilution experiment for 30 rounds This study
SJU04E SJU04 subjected to metabolic evolution through serial dilution experiment for 30 rounds This study
pTEFZ-GPD1 Integrative plasmid containing GPD1 under the control of TEF1 promoter and modiﬁed zeocinR This study
pTEFZ-TKL1 Integrative plasmid containing TKL1 under the control of TEF1 promoter and modiﬁed zeocinR This study
pTEFZ-CIT1 Integrative plasmid containing CIT1 under the control of TEF1 promoter and modiﬁed zeocinR This study
pTEFZ-ZWF1 Integrative plasmid containing ZWF1 under the control of TEF1 promoter and modiﬁed zeocinR This study
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2.5. Batch cultivation
A colony was picked from YPD agar plate and grown in a culture
tube containing 4–5 ml of YE media for 16–18 hrs. The culture was
then used as inoculum for batch growth kinetic studies carried out
in a 250ml baﬄed shake ﬂask containing 50ml of the same media.
An initial optical density (OD600) was approximately 0.1–0.2. The cul-
tures were grown in an incubator shaker (Model Innova44, New
Brunswick Scientiﬁc, USA) at 30 °C with a shaking rate of 100 rpm.
Cell samples and supernatants were collected periodically tomonitor
cell growth, consumed sugar and byproducts.
2.6. Metabolic evolution
Metabolic evolution was carried out by sequentially sub-
culturing of mutant cells in fresh YE media under aerobic condition
at 30 °C and a shaking rate of 100 rpm. At each step, the culture was
diluted at 1:10 to 1:50 with fresh media after 12–24 hrs intervals
to facilitate metabolic evolution with growth-based selection. The
evolution process was stopped after 30 rounds of culture trans-
fers. Evolvedmutants isolated from selected transfers by platingwere
measured for their biomass yield in comparison with their parents.
2.7. Analytical techniques
Biomass concentration was measured through optical density at
600 nm (OD600) in 1 cm cuvettes using Spectrophotometer
(Biospectrometer, Eppendrof, USA). To determine cell dry weight
3–5ml of a culture was withdrawn, centrifuged at 5,000 rpm at 4 °C
for 5 mins to collect cell pellet. The pellet was washed once with
deionizedwater, added into a pre-weighed tube and dried in an 80 °C
oven for 12–24 hrs followed by putting in desiccator for 24 hrs before
being subsequently weighed. The following correlation: cell dry
weight (g/l) = 0.359 × OD600 (R2 = 0.96) was used for estimation of
cell dry weight from OD600 measurement. Sugar and fermentative
byproduct concentration were measured using an HPLC system
equipped with a cation exchange column (HPX-87H, Biorad Labs,
Hercules, CA) and a refractive index detector (RID-10A). Samples
from the culture supernatant were collected, ﬁltered using 0.2 μm
sterile ﬁlter and stored at −20 °C before analysis. The column was
run in an isocratic mode using 5 mM H2SO4 mobile phase at 60 °C
and a ﬂow rate of 0.6 ml/min for 30 min. A standard curve corre-
lating area to concentration of metabolites was used to determine
concentration in the sample.
2.8. Yield and speciﬁc rate calculation
Product yield was determined based on gram of product pro-
duced per gram of glucose consumed after 24 hrs cultivation, while
the overall yield was determined based on total gram of glucose ini-
tially added. The speciﬁc rate of glucose uptake and secreting
byproducts was calculated from curve ﬁtting with the minimized
sum of the squared errors to match with the time proﬁles of mea-
sured residual glucose and secreting byproducts during batch growth
experiment. Speciﬁc growth rate was determined from the slope
of a plot of the natural logarithm of the optical density OD600 versus
time. All parameters including concentration, yield and rate are re-
ported as themean ± standard deviation from independent duplicate
experiments.
2.9. Metabolic model analysis
The metabolic network model of S. stipitis grown on glucose was
obtained from a previouswork.14 Themodel represents the core of in-
termediary metabolism for cell growth, energy synthesis and
fermentation. Cell growth is interpreted through the production of
biomass from biosynthesis pathways. A linear programming (LP) ap-
proach based on MATLAB (Mathworks, Natick, MA, USA) and Mosek
optimization toolbox (MosekApS,Copenhagen,Denmark)wasused for
solving stoichiometricmass balance equations to obtain a solution for
the unknown ﬂuxes of intracellular and extracellular metabolites,
S q
b
⋅ =
⎡
⎣⎢
⎤
⎦⎥0 (1)
q q∈ ≥irreversible reaction, 0
where S is an m by n stoichiometric matrix of metabolite m in re-
action rn, q is a column vector composed of net rates of reaction rn,
and b is a vector of accumulation and exchange rates. Maximiza-
tion of speciﬁc growth rate was used as an objective, which is
considered a realistic choice given evolutionary pressure on the yeast
cell when being cultured under particular growth condition. Ni-
trogen source, NH4+, was assumed to be present in suﬃcient amount.
ATP maintenance requirement was [0, 1] mmol/g-cell·hr, which is
a typical value reported for yeast.17 Gene overexpression simula-
tion was assessed based on the following constraints:
(1) qglc , qO2 1= mmol g-cell-hr
(2) q qi i wt= [ ]×1 01 10. , ,
where i is the targeted reaction for overexpression and qi wt, is the
predicted ﬂux in reference strain.
Biomass yields among different gene overexpression perturba-
tions were compared, and target overexpressed genes resulting in
maximum biomass production were determined.
2.10. NADPH and ATP availability calculation
Availability of intracellular redox potential, NADPH, and ATP co-
factors used for biomass synthesis is determined principally by
accounting for all NADPH and ATP cofactors generated from cata-
bolic reactions within the metabolic network, which are then used
for biosynthesis, as follows:
NADPH availability mmol mmol-glucose( ) = ∑q
q
Syn NADPH Ri
Glc
, , (2)
ATP availability mmol mmol-glucose( ) = ∑q
q
Syn ATP Ri
Glc
, , (3)
where qSyn NADPH Ri, , and qSyn ATP Ri, , are the synthesis rate of NADPH and
ATP for each catabolic reaction Ri within the network, respective-
ly. qGlc is the glucose uptake rate (mmol/g-cell·hr).
2.11. Flux control coeﬃcient
The degree of control that a given enzymatic reaction Ri within
the metabolic network exerts on biomass production rate, μ, was
analyzed based on ﬂux control coeﬃcient (FCC).18,19 The FCC (CRi
μ )
is deﬁned as a relative change in the metabolic ﬂux for biomass syn-
thesis in response to a relative change in enzyme activity, which
is directly correlated with the rate of reaction Ri ,
C
d
d R R RRi i i i
μ μ μ μ
= =
−
−
ln
ln
ln ln
ln ln
max
max
 (4)
where μ and μmax represent the ﬂux for biomass synthesis of the
mutant and the maximal ﬂux for biomass synthesis predicted by
FBA, respectively. Ri and Rimax represent the individual reaction rate
in the mutant and the rate predicted by FBA, respectively. For com-
parison purposes, all ﬂuxes are normalized with glucose uptake rate.
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Reactions exerting elevated ﬂux control by having high ﬂux
control coeﬃcient are presumed to be a rate-controlling reaction
and could, therefore, be target for engineering to increase meta-
bolic ﬂuxes toward biosynthesis.
3. Results
3.1. Identiﬁcation of overexpressed gene target
FBA was used to simulate gene overexpression in order to ra-
tionally design mutant strain of S. stipitis capable of eﬃciently
converting glucose to biomass. Based on the previous model of
S. stipitis,14 a predicted maximum yield of 0.49 gram biomass per
gram glucose utilized was identiﬁed under aerobic growth condi-
tions. The individual enzymatic reaction or in turn its corresponding
geneswas overexpressed by increasing ﬂux in such reaction (details
in the Materials and Methods section). The knowledge of ﬂux dis-
tribution provided by FBA under each gene overexpression allows
us to evaluate its effect on biomass synthesis. Target genes identi-
ﬁedbasedon the searchalgorithmare reactions and its corresponding
genes which, upon overexpression, minimize byproduct synthesis
andmaximize biomass production eﬃciency (highest biomass yield
on glucose, highest biomass produced per oxygen consumed). By
examining the effect of single gene overexpression on biomass pro-
duction, four target overexpressed genes were identiﬁed for
maximizing biomass yield per glucose and oxygen uptake. The gene
candidates are GPD1 (Glycerol-3-phosphate dehydrogenase, R13r);
ZWF1 (Glucose 6-phosphate dehydrogenase, R15); TKL1
(Transketolase, R18r/19r); andCIT1 (Citrate synthase, R21/73) as sum-
marized in Supplementary Figure S1 and Table S1. The designed
mutants that render target geneoverexpression are expected to reach
a biomass yield of 0.49 g-cdw/g-glucose with a biomass produc-
tion eﬃciency per oxygen uptake at 0.08 g-cdw/mmol-oxygen.
3.2. Construction of designed mutants
To verify the model prediction, mutants designed based on FBA
were experimentally constructed based upon a non-homologous end
joining recombination. Target overexpressed genes were inte-
grated onto the chromosome by transforming wild-type strain with
individual constructed integrative plasmid. Four single gene
overexpression mutant strains SJU02 (GPD1 overexpression), SJU03
(TKL1 overexpression), SJU04 (CIT1 overexpression) and SJU05 (ZWF1
overexpression) were successfully constructed. The detailed geno-
type of the constructed strains is summarized in Table 1. DNA
ampliﬁcation with primers speciﬁed to the 5′-region of the
overexpressed gene and AOX1 terminator was undertaken to verify
the presence of an extra copy of the target gene on the mutant’s
chromosome (Fig. 1). All expected DNA fragment sizes appeared for
the mutants but were absent for the wild-type strain, thus con-
ﬁrming the construction of the gene overexpressedmutant. Thewild-
type was transformed with pTEF1:mZeo vector and used as control
strain (SJU01) for cell growth comparison.
3.3. Strain characterization for biomass synthesis
To quantify biomass performance of the constructed mutants,
we monitored the cell growth and fermentation proﬁles of SJU02,
SJU03, SJU04 and SJU05 in comparison with the control SJU01 under
an identical batch growth experiment. Fig. 2A–E shows the time pro-
ﬁles of glucose, cell growth and fermentation products during 24 hrs
cultivation. In all cases, the mutants (SJU02, SJU03, SJU04 and SJU05)
achieved higher biomass concentration than the control. Of the char-
acterized strains, SJU05 (ZWF1 overexpression) exhibited the best
performance with the highest ﬁnal biomass titer of 9.81 ± 0.40 g-
cdw/l, a 1.48-fold increase compared to a ﬁnal biomass titer of
6.62 ± 0.22 g-cdw/l by the control. Although SJU03 and SJU04 at-
tained higher biomass yield in batch growth experiments, they grew
slower than the control (Fig. 2F). SJU04 had the slowest speciﬁc
growth rate of 0.27 ± 0.01 hr−1 during exponential growth phase, an
18% reduction from the speciﬁc growth rate of 0.33 ± 0.01 hr−1 in
the control. This change was accompanied by the reduction of
glucose uptake rate in SJU04. In contrast, SJU05 grew slightly faster
than the control. The designed mutants SJU02, SJU03, SJU04 and
SJU05 exhibited biomass yield on glucose approximately 30%, 25%,
30% and 44% higher than that achieved by SJU01, respectively
(Fig. 2F). In agreement with the model prediction, SJU05 appar-
ently functions through the most eﬃcient biosynthesis pathway
producing biomass at a maximum yield of 0.49 g-cdw/g-glucose and
achieves the highest biomass productivity of 0.78 g-cdw/l-hr. Other
overexpressed mutants achieved 89% (SJU02), 86% (SJU03) and 90%
(SJU04) of maximum predicted yield. The growth phenotypes of all
strains are summarized in Table 2.
Fig. 3 compares the byproduct distribution of mutants and control
strain showing ethanol as a major fermentative byproduct. This is
expected since S. stipitis is known to be able to ferment sugar to
ethanol at a relatively high yield. In all mutants, ethanol produc-
tion was decreased in response to the increased biomass production.
The control SJU01 exhibited ethanol accumulation at a yield of
0.28 ± 0.03 g-EtOH/g-glucose, which was higher than the yield
achieved by SJU02, SJU03, SJU04 and SJU05 mutants at 0.12 ± 0.02,
0.22 ± 0.03, 0.07 ± 0.01 and 0.23 ± 0.00 g-EtOH/g-glc, respectively. The
accumulated ethanol concentration after 24 hrs cultivation reached
46.2% of the total carbon for the control, 32.0% for SJU02, 39.9% for
SJU03, 22.0% for SJU04 and 42.5% for SJU05.
3.4. Flux distribution comparison
Metabolic ﬂux distribution of SJU02, SJU03, SJU04 and SJU05
mutants in comparison with SJU01 control strain was analyzed to
Fig. 1. The presence of overexpressed genes in the mutants conﬁrmed by PCR using the sense and antisense primers corresponding to the 5′ region of target gene and
AOX1 terminator in expression plasmid (Supplementary Table S2). The ampliﬁed products in the mutant SJU02 (A), SJU03 (B), SJU04 (C) and SJU05 (D) in comparison with
the wild-type. In each ﬁgure, 1 kb DNA marker is shown in lane M followed by ampliﬁed product of wild-type (WT) as negative control, and ampliﬁed product of mutant.
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examine the changes in the central metabolism upon overexpression
of target genes. These ﬂuxes were determined from FBA using mea-
sured rates of glucose uptake, cell growth and ethanol formation
as inputs for calculation. The measured biomass yield agrees well
with the yield predicted by ﬂux distribution analysis (Fig. 4A). Redox
and ATP analysis reveal higher ATP and NADPH availability in SJU02,
SJU03, SJU04 and SJU05 than the control (Fig. 4B). A 15–24% in-
crease in ATP availability observed in the mutants suggests higher
energy currency in the mutant metabolism compared to the control.
The availability of NADPH was highest in the SJU05 mutant, indi-
cating that overexpression of ZWF1 probably redirects cell
metabolism to increase ﬂuxes through the pentose phosphate
pathway, which is known to be the main source of NADPH cofactor.
Comparative ﬂux distribution of SJU02, SJU03, SJU04 and SJU05
mutants were based on ﬂux ratio,10 a ratio between expressed ﬂux
of the mutants and that of the control (Fig. 4C). All ﬂuxes were nor-
malized with glucose uptake rate. Flux ratio analysis identiﬁed up-
regulated reactions (ﬂux ratio >>1) associated with the synthesis
of biomass precursors, NADPH and ATP cofactors. A signiﬁcant in-
crease in ﬂuxes toward the TCA cycle was observed in all mutants
including the increase in R31r (Succinate dehydrogenase, SDH), R73
(Citrate synthase, CIT), R74r (Aconitate hydratase, ACO) and R80r
(Fumarase, FUM), which could lead to an increase in several bio-
synthesis precursors such as α-ketoglutarate and oxaloacetate for
amino acid and nucleotide synthesis. Rate of reaction R72 (Pyru-
vate dehydrogenase, PDH) was also increased in the mutants
compared to the control, presumably to increase availability of acetyl-
CoA, a key precursor for lipid and amino acid synthesis. It was also
observed that the mutants lower ﬂux toward R38 (Pyruvate decar-
boxylase, PDC) and R40 (Alcohol dehydrogenase, ADH), resulting in
less ethanol being produced and more NADH availability for ATP
synthesis. More ﬂuxes to reaction R68 (O2 transport) and R56 (Oxi-
dative phosphorylation) in the mutant enhanced oxygen utilization
and increased the generation of ATP used for biomass synthesis, re-
spectively. This could result in more effective proton gradients and
Fig. 2. Cell growth and fermentation kinetics of the controlled strain SJU01 (A) in comparison with gene overexpression mutants SJU02 (B), SJU03 (C), SJU04 (D), and SJU05
(E). Shown are time proﬁles for glucose concentration (), biomass concentration () and fermentative byproducts ( acetate;  ethanol;  glycerol: succinate). (F)
Growth performance comparison for biomass yield and speciﬁc growth rate in mutants and control.
Table 2
Growth phenotype performance for the control SJU01, the mutants SJU02, SJU03,
SJU04 and SJU05 and their evolved derivatives SJU02E, SJU03E, SJU04E.
Strains Biomass (g/l)a Biomass yield
(g/g)b
Spec. growth
rate (hr−1)c
SJU01 6.62 ± 0.22 0.34 ± 0.01 0.33 ± 0.01
SJU02 9.10 ± 0.10 0.44 ± 0.01 0.32 ± 0.01
SJU03 8.72 ± 0.43 0.42 ± 0.02 0.28 ± 0.00
SJU04 7.96 ± 0.24 0.44 ± 0.01 0.27 ± 0.01
SJU05 9.81 ± 0.40 0.49 ± 0.01 0.36 ± 0.01
SJU02E 10.03 ± 0.58 0.49 ± 0.03 0.34 ± 0.00
SJU03E 10.03 ± 0.67 0.49 ± 0.03 0.33 ± 0.00
SJU04E 9.91 ± 0.06 0.49 ± 0.01 0.34 ± 0.01
a Final biomass concentration is estimated ﬁnal OD600nm after 24 hrs aerobic cul-
tivation using the following correlation, g-cdw/l = 0.359 × OD600nm.
b Biomass yield is based on total biomass produced per total glucose consumed.
c Speciﬁc growth rate is calculated from the slope of the time plot of ln(OD600nm).
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consequently improve bioenergetic eﬃciency in the mutants. Thus,
themutantsmay be beneﬁcial for biotechnology applications dealing
with high cell density cultivations where the supply of oxygen
becomes limiting.
Comparing the ﬂux control coeﬃcient (FCC) of each reaction in
the metabolic network helps to identify major rate-controlling re-
action for biomass synthesis in eachmutant. Reactions R72 (Pyruvate
dehydrogenase, PDA), R73 (Citrate synthase, CIT), R74r (Aconitate
hydratase, ACO) and R80r (Fumarase, FUM) in the TCA pathwaywere
identiﬁed as major limiting reactions in the metabolic network of
mutant SJU02 based on high value of FCC (Fig. 4D). The FCC anal-
ysis also revealed R31r (Succinate dehydrogenase, SDH), R56
Fig. 3. Percent carbon distribution of byproducts for the control strain SJU01 (A) in comparison with gene overexpression mutants SJU02 (B), SJU03 (C), SJU04 (D), and SJU05
(E) in aerobic batch shake-ﬂask culture. The percent distribution was calculated based on carbon mole concentration of byproducts secreted per carbon mole of glucose
consumed after 24 hrs cultivation time. In order to compare carbon distribution among byproducts, biomass was excluded from the percent distribution calculation. The
accumulatedmole concentration of CO2 was estimated based on the reaction stoichiometry of byproduct synthesis as follows: [CO2] = 2[Succ] + [EtOH] + 3[Gly] + [Acet] + 12.4[Bio].
Fig. 4. (A) Measured and predicted biomass yield for gene overexpression mutants and their evolved derivatives in comparison with the control. Experimental yields (gray)
of control SJU01, mutants SJU02, SJU03, SJU04, SJU05, and their evolved derivatives SJU02E, SJU03E, SJU04E are compared with the predicted yields (orange) based on ﬂux
distribution analysis of S. stipitis metabolic network model. (B) NADPH redox (blue circle) and ATP (gray bar) availability of different mutant strains in comparison with the
control based on Eqs. 2 and 3. (C) Comparative ﬂux expression of different strains of S. stipitis. Expressed ﬂux in each reaction is given in ﬂux ratio. Reaction names and
their corresponding genes and enzymes are according to the names given in the previous metabolic model of S. stipitis.14 Only ﬂuxes with signiﬁcant change when com-
pared with control are considered. (D) Flux control analysis of the metabolic network of mutants SJU02, SJU03 and SJU04 based on Eq. 4.
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(Oxidative phosphorylation) and R93 (ADP/ATPmitochondrial trans-
port) as reactions with high degree of control for biosynthesis in
SJU03 and SJU04 mutants. It is expected that increasing ﬂuxes
through these rate-controlling reactions would, therefore, result in
enhanced biomass synthesis. The results support this hypothesis
since all reactions with high ﬂux control coeﬃcient were found to
be up-regulated corresponding to increasing biomass production
in the mutants (Fig. 4C). These reactions could also be targeted for
optimization during metabolic evolution in order to further improve
biomass production in the mutants.
3.5. Metabolic evolution of the designed mutants
Ametabolic evolution experimentwas performed for eachmutant
SJU02, SJU03 and SJU04. Evolved strains with increased biomass pro-
duction are expected to emerge from the evolution process, since
growth is used as selective pressure. The overall biomass yield of
the evolvingmutant in batch culture, which is based on total glucose
added initially, was periodicallymonitored during the evolution. After
30 rounds of serial transfer, individual evolved strains were iso-
lated and named after their parent as SJU02E, SJU03E and SJU04E,
respectively. Fig. 5A shows changes in overall biomass yield of SJU02,
SJU03 and SJU04 during the evolution process. The overall yield con-
tinued to increase with the number of transfers and reached a
plateau after 25 rounds of serial dilution culture. The continuous
increase in biomass yield with number of transfers is presumably
a result of evolved strains with better cell growth emerging and suc-
cessively replacing the parental strains. All evolved mutants
converged to the same biomass yield during the course of evolu-
tion (Fig. 5A). The evolved derivatives exhibited biomass yields of
0.49 ± 0.03 g-cdw/g-glucose for SJU02E, 0.49 ± 0.03 g-cdw/g-
glucose for SJU03E and 0.49 ± 0.01 g-cdw/g-glucose for SJU04E, which
is themaximum predicted yield based on FBA (Fig. 5B). This is equiv-
alent to approximately 11–16% improvement in biomass yield
compared to the corresponding parent strain(s) and 44% improve-
ment compared to SJU01. The evolved mutants also grew faster at
about 10–22% higher speciﬁc growth rates than their parents and
produced biomass at a higher rate, 0.76 g/l-hr in SJU02E, 0.71 g/l-
hr in SJU03E, 0.72 g/l-hr in SJU04E, compared to 0.52 g/l-hr in SJU01
and reached similar biomass titer, higher than their parents
(Fig. 5C–E). Furthermore, evolved strains exhibited remarkable im-
provements in glucose utilization rates, especially for SJU03E and
SJU04E. It took the parent strains about 24 hrs or longer to consume
20 g/l of glucose, while evolved mutants completed all glucose at
around 17–20 hrs. The growth phenotypes of evolved mutants are
summarized in Table 2.
Comparative ﬂux distribution analysis reveals the readjust-
ment of the mutant metabolism toward eﬃcient biomass formation
by increasing ﬂuxes in major rate-limiting reactions during meta-
bolic evolution (Fig. 5F). In the evolved mutants, rate-controlling
ﬂuxes R73 (Citrate synthase, CIT), R74r (Aconitate hydratase, ACO)
and R80r (Fumarase, FUM) in the TCA pathway increased by 7%. The
7% and 9% increase in ﬂuxes through R31r (Succinate dehydroge-
nase, SDH) and R93 (ADP/ATP mitochondrial transport) respectively
was also observed during evolution. Reaction R72 (Pyruvate dehy-
drogenase, PDA), a NADH-synthesizing reaction, was also increased
in the evolved strains, likely to redirect ﬂuxes toward biomass pre-
cursors in pyruvate metabolism and TCA cycle. The increase in R56
(Oxidative phosphorylation) was more pronounced than any other
ﬂuxes, 15–25%, which is by far the most signiﬁcant ﬂux change ob-
tained in the evolved mutants. Elevating ﬂuxes in R56/R93 reactions
also lead to increasing availability of ATP for biosynthesis, hence
improving biomass yield. Additionally, the improved biomass in
evolved strains may be associated with increasing NADPH cofac-
tor supply (Fig. 4B).
4. Discussion
We present, in this study, a systematic approach for engineer-
ing eﬃcient cell factory using systemsmetabolic engineering guided
by FBA in conjunction with metabolic evolution. This combinato-
rial strategywas applied for optimizing biomass synthesis in S. stipitis
growing on glucose. Systems metabolic engineering based on FBA
was utilized to design mutants capable of operating according to
Fig. 5. (A) Dynamic changes in overall biomass yields of SJU02, SJU03 and SJU04 through metabolic evolution. The evolved strains were isolated and named SJU02E, SJU03E
and SJU04E, respectively. (B) Growth performance comparison for biomass yield and speciﬁc growth rate in mutants and their evolved derivatives. Time proﬁles of cell growth,
glucose consumption and ethanol secretion for mutants and their evolved derivatives. (C) Mutant SJU02 and evolved mutant SJU02E, (D) mutant SJU03 and evolved mutant
SJU03E, and (E) mutant SJU04 and evolved mutant SJU04E under aerobic batch culture. Unevolved strains are shown in empty symbols, while the evolved strains are given
in ﬁlled symbols. (F) Comparative ﬂux expression of unevolved and evolved strains of S. stipitis. Expressed ﬂux in each reaction is given in ﬂux ratio, which is compared to
that of the control strain SJU01. Reaction names and their corresponding genes and enzymes are according to the names given in the previous metabolic model of S. stipitis.14
Only ﬂuxes with signiﬁcant change when compared with control are considered.
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the most eﬃcient biomass synthesis pathway. Four mutant candi-
dates were theoretically identiﬁed by FBA and experimentally
constructed. The metabolic evolution was later applied for ﬁne-
tuning the metabolism of the designed strains.
As a consequence of overexpressing target genes, the metabo-
lism of the designed mutants was readjusted toward an eﬃcient
biosynthesis pathway by increasing the availability of biomass pre-
cursors and cofactors. The decreased ethanol secretion in themutants
is expected as a result of more carbon ﬂux utilized for biomass and
less for ethanol. Less ethanol production in the mutants also in-
creases NADH supply and consequently increases ATP availability
for biomass since ethanol primarily serves as an electron sink for
NADH drainage (Fig. 4B,C). A slight increase in glycerol secretion was
observed in the GPD1 overexpressed mutant (SJU02) as GPD1 is a
reversible part of the glycerol synthesis pathway. A similar trend
is observed in S. cerevisiae with GPD1 overexpression.2,20,21 In-
creased CO2 production in the mutants (Fig. 3) corresponds to
increased activity in the TCA cycle (Fig. 4C) since this pathway is
one of the major paths for CO2 generation. The mutant with CIT1
overexpression (SJU04) reveals an increased level of succinate due
to elevated ﬂuxes in the TCA cycle as CIT1 is the ﬁrst step of the
pathway. This observation also agrees well with a previous
experiment.22
It is interesting to note that the ZWF1 overexpressed mutant
(SJU05) secreted acetate at a reduced amount when compared to
the control and other mutants. The acetate synthesis pathway can
be utilized as an alternative path for supplying NADPH since every
mole of acetate produced generates one mole of NAD(P)H via al-
dehyde dehydrogenase, which is then used for synthesis of biomass
precursors. The ZWF1 overexpressed mutant may take an alterna-
tive route for NADPH generation likely through the pentose
phosphate pathway, leading to less carbon loss in the form of acetate
and more carbon available for biosynthesis. A previous study shows
that the ZWF1 gene accounts for 35–55% of the total NADPH pool
generated in the cell metabolism.23 Hence, increased biomass yield
in SJU05may be partially corresponding to increasing NADPH supply
as demonstrated in ﬂux distribution analysis (Fig. 4B).
Increasing ﬂuxes through the TCA cycle in all mutants (Fig. 4C)
replenishes the NADH pool for biosynthesis, leading to improved
biomass production. Elevated ﬂux through R58, an NAD-NADHmi-
tochondrial transporter, likely permits an eﬃcient exchange of
cofactors between cytosol and mitochondria in order to suﬃ-
ciently supply the cofactors required for biosynthesis in cytosol.
Concomitantly, increased ﬂux through R93 (ADP/ATP mitochon-
drial transport) allows more ATP availability for biosynthesis in the
mutants by facilitating the exchange of ATP between the cytosol and
mitochondria. All the evidence suggests that a limiting factor for
producing biomass at high yield could be a high demand of ATP and
NADPH which cannot be met in wild-type metabolism.
Although SJU02, SJU03 and SJU04 achieved higher biomass yield
on glucose than the control, they apparently did not operate ac-
cording to the maximum predicted yield. The discrepancy between
measured and predicted yield suggests that themutants may be sub-
jected to local control of rate-limiting reactions with low enzyme
capacities within the cell metabolic pathway, therefore, prevent-
ing them from achieving themaximum yield. The enzyme capacities
in rate-limiting reactions could be manipulated naturally through
a directed evolution of cell metabolismwith selection of cells having
improved cell growth. This metabolic evolution strategy has been
previously proven to be a successful strategy to liberate the control
of rate-limiting enzymes for enhancing cell capacities.24–27 Using the
metabolic evolution approach, the biomass yield of the evolved de-
rivatives matched closely with the predicted yield (Fig. 4A),
suggesting that a cell evolves by readjusting its metabolic ﬂux dis-
tribution toward the computationally predicted growth phenotype.
This ﬁnding is in agreement with previous studies showing that the
metabolism of an evolving cell can be predicted by FBA.28,29 Im-
provement in cell growth and substrate utilization during evolution
is also commonly observed in previous studies.28,30 The evolved
mutants exhibited an interesting phenotype in byproducts synthe-
sis showing higher ethanol production, whereas secretion of acetate,
glycerol and succinate was lower compared to their parent
(Fig. 5C–E). The evolution mechanism of a cell to enhance its met-
abolic capacity by increasing rate-controlling ﬂuxes withinmetabolic
network as shown in Figs. 4D and 5F is also previously reported in
several studies.27,31,32 Identiﬁcation of mutations occurring during
the evolution could be achieved through methods such as compar-
ative genome sequencing or transcriptome analysis, which is left
for future investigation.
4.1. Conclusion
All data indicate that S. stipitis mutants (SJU02E, SJU03E, SJU04E
and SJU05) operated according to the eﬃcient biomass producing
pathway that was predicted by FBA and optimized through meta-
bolic evolution. This study proves systems metabolic engineering
guided by FBA together withmetabolic evolution as a powerful com-
binatorial approach for rational design of an eﬃcient cell factory.
The strains developed in this study could possibly be used as plat-
form host for high-cell-density fermentations as well as formetabolic
engineering of other foreign pathways for both growth- and non-
growth associated products that require precursors and cofactors
similar to the biosynthesis pathway.
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